Kinetic analyses based on catalyzed reactions have also been developed in recent years and have been applied to trace and/or ultratrace analyses for various elements due to their extremely high sensitivity. [8] [9] [10] [11] Numerous catalytic methods have also been reported for the determination of copper(II) with fluorometric, 12 amperometric, 13 and photometric 14 detections; however, most of the proposed methods did not show a high sensitivity in the analysis for ultratrace copper 15 and the analytical conditions had to be strictly controlled. 16 The flow-injection spectrophotometric determination was recognized as a suitable device for improving the kinetic-catalytic methods of analysis. 17 Nakano and co-workers reported that the catalysis of copper on the redox reaction of N-phenyl-p-phenylenediamine with mphenylenediamine in the presence of pyridine and ammonia as activators was useful for the determination of nanogram levels copper in the water. The dynamic range was 0.2 -30 ppb. 18 There are many redox reactions which can be selected as the indicator reaction in the catalytic kinetic determination of copper. 15 Copper ion can catalyze the oxidation of cysteine to cystine with oxygen in aqueous medium. 19, 20 Recently, Teshima et al. 21 proposed a catalytic kinetic FIA of copper(II) based on its catalysis of the redox reaction of cysteine with iron(III) in the presence of 1,10-phenanthroline (phen). The method was successfully applied to the determination of copper in natural water with high accuracy. However, sub-ppb levels of copper in natural water could not be directly determined by the previous method, and also serum analysis has not yet been done.
2,4,6-Tris(2-pyridyl)-1,3,5-triazine (TPTZ) reacts with iron(II) to form a purple iron(II)-TPTZ complex (λmax = 593 nm). The iron(II)-TPTZ has higher molar absorptivity (2.3 × 10 4 ) than that of iron(II)-phen (1.1 × 10 4 ). This paper deals with a new flow-injection method for the determination of copper based on its catalytic effect on the redox reaction of cysteine with iron(III), followed by the complex formation of iron(II) with TPTZ. The present method is sensitive and rapid, with the detection limit (S/N = 3) of 0.005 ppb and determinable range of 0.05 -8 ppb at a sampling rate of 30 h -1 . The method was successfully applied to the determination of copper not only in river water as a certified reference material but also in serum samples.
Experimental

Reagents
All reagents were of analytical grade and were used without further purification. All solutions were prepared with deionized water purified by an Advantec GSH-210 apparatus.
A commercially available 1000 ppm copper standard solution for atomic absorption spectrometry (Wako, Osaka) was used. Working solutions were prepared daily by diluting the solution with 0.01 M nitric acid. A stock solution of iron(III) (0.1 M) was prepared by dissolving 4.82 g of iron(III) ammonium sulfate dodecahydrate in 100 ml of 0.5 M sulfuric acid. 
Apparatus
The manifold of the flow-injection system used for the determination of copper is shown in Fig. 1 . The system consists of two double-plunger micropumps (Dual pump, Flom, Tokyo) and a six-way injection valve (Sanuki Kogyo, SVM-6M2). Teflon tubing (0.5 mm i.d.) was used for flow lines. The absorbance was detected at 593 nm with a spectrophotometer (Soma Optics, S-3250, Tokyo) equipped with a 10 mm micro flow cell (8 µl) and the signal was recorded on a recorder (Chino, EB 22005, Tokyo).
Procedure
In the FI system shown Fig 
Results and Discussion
In the presence of TPTZ, cysteine reacted with iron(III) to produce a purple compound which has an absorption maximum at 593 nm. The redox reaction proceeded completely, but the reaction was slow at room temperature. The rate of colorforming reactions was accelerated catalytically by adding copper(II). The absorbance of the complex produced increased with the increasing of the copper concentration. The catalysis was used for the determination of copper(II). The copper(II) that was injected into the system reacted with cysteine to produce copper(I) at first. This copper(I) reduced iron(III) to iron(II). The equilibrium constant of the redox reaction of copper(I) with iron(III) is calculated to be 10 10.5 from both standard redox potentials of the Cu(II)/Cu(I) (0.15 V vs. NHE) and Fe(III)/Fe(II) (0.77 V vs. NHE) systems. 22 That is to say, copper(I) is oxidized again by iron(III) to copper(II). The iron(II) produced reacted with TPTZ to form the iron(II)-TPTZ complex (λmax = 593 nm). The concentration of copper(II) injected was determined by measuring the absorbance of the iron(II)-TPTZ complex.
The optimum conditions were studied by injecting an aliquot of 2 ppb copper(II) solution into the FIA system shown in Fig.  1 .
Effect of pH
The effect of pH was investigated over the range 3.5 -6.2 by adding 0.1 M acetate buffer with various pH values in R1. The result is shown in Fig. 2 . The absorbance increased with increasing pH up to 5.8 and decreased at pH above 5.8. Therefore, the pH of the acetate buffer system was fixed at around 5.8.
Effects of cysteine and iron(III) concentrations
The cysteine concentration was varied from 1 × 10 -5 M to 5 × 10 -3 M. The result is shown in Fig. 3 . The peak height increased with increasing the cysteine concentration up to 1 × 10 -3 M, and then rapidly decreased at the concentrations above 1 × 10 -3 M. The influence of the concentration of iron(III) on the peak height was also studied in the range of 2 × 10 -5 -1 × 10 -2 M (Fig. 4) . The absorbance for copper(II) increased with increasing the iron(III) concentration up to 2 × 10 -3 M. When the concentration of iron(III) was higher than 2 × 10 -3 M, the absorbance decreased rapidly. It seems that the decrease of absorbance at higher concentrations of cysteine and iron(III) was due to the formation of a stable iron(III)-cysteine complex. The 1 × 10 -3 M cysteine and 2 × 10 -3 M iron(III) concentrations were used for the determination of copper(II).
Effects of reaction coil lengths
The effects of reaction coil lengths of RC1, RC2, and RC3 were examined in the ranges of 0.1 -10 m. As shown in Fig. 5 , the peak height decreased with increasing the lengths of RC1 and RC3 up to 10 m because of sample dispersion inside the reaction coils. On the other hand, the peak height increased rapidly with the increasing RC2 length up to 5 m and it decreased when the 732 ANALYTICAL SCIENCES MAY 2003, VOL. 19 
Copper(II) is reduced to copper(I) by cysteine (reaction (1)), and copper(I) is oxidized again to copper(II) by iron(III) (reaction (2)). These reactions (1) and (2) needed a long RC2 length, compared with the RC1 and RC3 lengths. Iron(II) produced in the RC2 reacts with TPTZ to form a colored iron(II)-TPTZ complex in proportion to the concentration of copper(II) (reaction (3)). However, it seems that the hydrolysis of iron(III) at pH 5.8 caused the peak height to decrease remarkably over the range 5 -10 m of RC2. The reaction coil lengths of RC1, RC2, and RC3 were selected as 0.1, 5.0, and 0.3 m, respectively for the sake of sensitivity and sampling rate.
Effect of concentration of TPTZ
The effect of concentration of TPTZ was studied over the range of 8 × 10 -5 M to 8 × 10 -3 M. The result is shown in Fig. 6 . The peak height increased with increasing TPTZ concentration. The maximum peak height was obtained at the concentration of TPTZ 4 × 10 -4 M. When the concentration of TPTZ was above 4 × 10 -4 M, the peak height gradually decreased. A 4 × 10 -4 M TPTZ concentration was used.
Effect of flow rate
The effect of the flow-rate on the peak height was studied in the range of 0.05 -1.5 ml min -1 . The peak heights slightly increased with increasing flow rate up to 0.5 ml min -1 . Maximum peak height was found with the flow rate 1.0 ml min -1 . The peak height changed little when the flow rate was over 1.0 ml min -1 . Taking into consideration the peak shape and sampling rate, we selected the 1.0 ml min -1 flow rate.
Calibration graph
A calibration graph was prepared by using the FIA system shown in Fig. 1 correlation coefficient of 0.996, where A is the absorbance and C is the concentration of copper(II) in ppb. The relative standard deviations (n = 10) were 1.6%, 1.3%, and 0.8% for ten determinations of 0.5 ppb, 1 ppb, and 2 ppb copper(II), respectively. The detection limit (S/N = 3) was 0.005 ppb copper(II).
Interferences
The effects of foreign ions on the determination of 1 ppb copper(II) were examined. An error of 5% was considered to be tolerable. The results are summarized in Table 1 . Most of the ions examined did not interfere in concentrations up to at least 500 ppb. Iron(III) of 500 ppb showed a positive interference, because of the oxidation of cysteine with iron(III) in the presence of TPTZ. Although iron(III) gave an interference on the copper(II) determination, it did not interfere in the proposed system even when iron(III) was present in 200-fold excess (200 ppb) without any masking agents. It seems that high iron(III) concentration in the reservoir R2 gave the advantage on selectivity for the copper determination. Mercury(II) and cadmium(II) at the amounts of 500 ppb caused a positive interference and vanadium(V) at the same concentration gave a negative interference. In fact, the concentrations of these ions in natural water and serum are quite low, thus they do not interfere with the determination of copper(II).
Applications
The proposed method was applied to the analysis of copper in river water samples purchased from the Japan Society for Analytical Chemistry and in standard serum samples. The unspiked water sample (JAC 0031) was diluted to 5 times and spiked water (JAC 0032) was diluted to 10 times with the carrier solution. The analytical results for the river water samples were obtained by the calibration method. As shown in Table 2 , the results were in good agreement with certified values. Equal volumes of serum sample and trichloroacetic acid solutions were mixed, and the mixed solution was heated at 90˚C for 15 min to deproteinize a serum sample. Thus, each sample was diluted to 2 times through the deproteinization process, and then the supernatant was diluted to 1000 times with the carrier solution before FIA measurement. The same supernatant was diluted to 5 times with water before ICP-AES measurement.
The analytical values obtained by both calibration curve method and ICP-AES method showed good agreement with each other (Table 3) .
Conclusions
A selective, sensitive, and rapid flow-injection spectrophotometric method for the determination of trace amounts of copper in natural water and serum was described in this paper. The proposed method was based on the catalysis of copper on the redox reaction of cysteine with iron(III) in the presence of TPTZ. The FIA system showed not only a high accuracy but also a good repeatability. For the determination of copper, most ions co-existing in river water and serum gave little interference. The proposed method is reliable and suitable for the determination of sub-ppb levels of copper in natural water and serum. 
